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Abstract
Gas migration through a soft granular material involves a strong coupling between the motion
of the gas and the deformation of the material. This process is relevant to a variety of natural
phenomena, such as gas venting from sediments and gas exsolution from magma. Here, we study
this process experimentally by injecting air into a quasi-2D packing of soft particles and measuring
the morphology of the air as it rises due to buoyancy. We systematically increase the confining
pre-stress in the packing by compressing it with a fluid-permeable piston, leading to a gradual
transition in migration mechanism from fluidization to pathway opening to pore invasion. By
connecting these mechanisms quantitively with macroscopic invasion, trapping, and venting, we
show that the mixed-mode transitional regime enables a sharp increase in the amount of gas trapped
within the packing, as well as much larger venting events. Our results suggest that the relationship
between invasion, trapping, and venting could be controlled by modulating the confining stress.
∗ sungyon@umn.edu
† christopher.macminn@eng.ox.ac.uk
1
ar
X
iv
:1
80
8.
02
92
1v
1 
 [c
on
d-
ma
t.s
of
t] 
 8 
Au
g 2
01
8
The buoyancy-driven migration of gas through a liquid-saturated granular material is
central to a variety of geophysical processes, from the generation and venting of biogenic
gases from sediments [1–3] to the exsolution and venting of volatile gases from magma [4–6].
The former process is important for aquatic ecosystems and the latter contributes to the
strength of volcanic eruptions; both play an important role in the global carbon cycle [6, 7].
The grain-scale mechanics of gas migration and venting are relatively well understood.
Essentially, the gas migrates in one of two ways: By advancing through the narrow pore
throats between the solid grains, or by pushing the grains apart to form wider migration
pathways. The former mechanism involves overcoming the capillary entry pressure, whereas
the latter involves overcoming a combination of the external confining stress and the stiffness
and strength of the granular skeleton [2, 8]. In lakebed and seabed sediments, the confining
stress is determined on long timescales by the weight of the overlying sediment and on
short timescales by fluctuations in the overlying water level [3], whereas the capillary entry
pressure is determined primarily by the grain size [2]. In subglacial sediments, the confining
stress is dominated by the weight of the overlying ice [9].
From these two basic migration mechanisms, a wide variety of macroscopic migration
patterns can emerge. These patterns have been studied primarily in laboratory model sys-
tems, where gas is injected into liquid-saturated suspensions or packings of rigid particles.
For example, initial gas invasion into horizontal systems [10–15] and both initial invasion
and steady injection into vertical systems [16–21] have been studied extensively.
While fascinating, migration patterns are typically an intermediate step between grain-
scale mechanics and the macro-scale dynamics of gas trapping and venting. The latter
topic has received much less attention, and many fundamental questions remain about the
characteristic size and frequency of venting events, the amount of gas trapped within the
medium, and the relationship between the venting rate and the injection rate.
In addition to focusing exclusively on migration patterns, previous studies have considered
gas injection into packings of rigid particles, which deform strictly through grain sliding and
rearrangement. However, field data suggests that many muddy sediments deform elastically
due to the presence of small gas bubbles and organic matter [1], and numerical simulations
indicate that this elasticity can play an important role in the mechanics of gas migration [2,
8]. Elasticity is particularly important during steady gas injection because it provides a
restoring force in addition to the weight of the sediment and overburden, that will tend to
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close migration pathways once gas has vented [22].
Here, we connect migration mechanisms and patterns with the macro-scale dynamics of
gas trapping during the buoyancy-driven migration of gas through a soft granular medium.
We systematically control the overall “softness” of the medium by varying the confining
pre-stress. We find that the combination of buoyancy, capillarity, and elasticity under con-
finement leads to nontrivial dynamics in the migration pattern, the volume of trapped air,
and the rate of venting. Intermediate confinement leads to both the largest average vol-
ume of trapped air and the largest venting events, which is tied to the transition from one
migration mechanism to another within the cell.
Our experimental apparatus consists of a vertical flow cell filled with polyacrylamide
hydrogel beads (Fig. 1). The beads have mean diameter d ≈ 1.1 mm and Young modulus
E ∼ 20 kPa (JRM Chemical). The flow area has fixed gap thickness b ≈ d, width w =
100 mm, and variable height h. Choosing the gap thickness to match the bead diameter
leads to a quasi-2D monolayer, enabling particle tracking [23]. The beads are soft, slippery,
and neutrally buoyant in the fluid, thereby introducing elasticity while eliminating sliding
friction and particle weight [23]. In particular, the low friction between the particles and
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FIG. 1. We inject air into the bottom of a vertical flow cell filled with a monolayer of soft particles.
The flow area is formed by two glass plates clamped to a rigid spacer, with adjustable height h set
by a fluid-permeable piston at the top that allows the fluids to pass while confining the particles.
We saturate the packing with liquid and then inject air into the bottom with a syringe pump.
We record the dynamics of air invasion, migration, and venting, as well as the deformation of the
packing, at high resolution using a digital camera.
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the walls enables long-range mechanical interactions in a quasi-2D system. This is in stark
contrast to frictional packings in quasi-2D, where particle bridging across the gap leads to
strong localization of the mechanics, such that stresses cannot propagate more than a few
gap thicknesses in any direction [13].
We apply different degrees of confining pre-stress to the packing by compressing N ≈
11, 000 particles to different initial heights h with a fluid-permeable piston, which sets the
initial solid fraction φ0s ≈ pid3N/(6wbh). The confining pre-stress within the packing in-
creases monotonically with φ0s, but vanishes when φ
0
s is below the jamming threshold φ
?
s.
For our quasi-2D system, we estimate φ?s ≈ 0.51 based on the volume occupied by the un-
confined packing after settling under gravity. Note that the actual value of φs in the flow
cell varies in time and space due to the migrating air.
In the series of experiments reported here, we systematically vary the confining pre-stress
(via h and therefore φ0s) while keeping all other parameters fixed. We saturate the packing
with a mixture of water and glycerol, set h, and then inject air into the bottom at a constant
nominal rate Q = 3 mL/min with a syringe pump (New Era NE-4000) for 10 minutes. The
air is compressible, so the actual injection rate varies with the injection pressure, which we
measure throughout the experiment with a pressure transducer (Honeywell 40PC001B1A).
We image the cell at high resolution with a digital camera, allowing for quantitative mea-
surement and analysis of migration, trapping, and deformation.
Varying φ0s across a wide range leads to the full expected range of migration mechanisms
— from fluidization under weak confinement to pathway opening (“fracturing”) under mod-
erate confinement to pore invasion under strong confinement (Fig. 2). Pore invasion is the
entry of the air into the pore space between the grains by displacing the liquid, and is
resisted by the capillary entry pressure pec ∼ γ/d, where γ is the interfacial tension. Path-
way opening refers to the opening of slender, fracture-like pathways, and is resisted by the
normal effective stress σ′ required to push the grains laterally apart; this resistance may
be due to elasticity, friction, cohesion, or external compression. Fluidization is the local
shear failure of the packing, in which grains flow with and around the rising air bubbles.
Fluidization occurs at a critical shear stress τ , which is related to the force required to drive
an intruder through the packing. In confined granular materials, τ ∝ σ′ with a coefficient
of proportionality that depends on intruder geometry and internal friction [24].
Air migration occurs via the mechanism of least resistance. As a given air bubble grows,
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FIG. 2. Snapshots and deformation fields during gas migration at three representative values of
h and φ0s. Under weak confinement (left), gas rises in discrete bubbles that fluidize the packing,
leading to flow of grains with and around the bubbles. Under moderate confinement (middle), gas
rises by opening transient, slender, fracture-like pathways, leading to grain displacement around
the advancing tip. Under strong confinement (right), gas rises by invading the pore space between
the grains, displacing the liquid but not the grains. The bottom row shows the instantaneous
horizontal and vertical velocity fields within the packing, vx and vz, respectively, as calculated
from particle tracking. Blue and red colors indicate negative and positive velocities, respectively,
with the strongest colors representing velocities of about ±4 mm s−1.
its internal pressure differs from the surrounding water pressure at its leading edge by the
capillary pressure pc. Pore invasion will occur when pc > p
e
c > σ
′, whereas pathway opening
will occur when pc > σ
′ > pec [2]. Fluidization is instead related to the buoyant overpressure
of the bubble B = ∆ρgl, where ∆ρ ≡ ρwater − ρair and l is the vertical extent of the bubble.
Fluidization will occur when B > τ . It has been shown that migration transitions from
pore invasion to pathway opening as grain size or confining stress decreases [2, 8, 14], and
transitions from pathway opening to fluidization as internal friction decreases [13]. In a
vertical packing, σ′ and τ will naturally increase with depth if the grains are denser than
the liquid, which can lead to a smooth transition from pore invasion to pathway opening to
fluidization as bubbles rise upward toward a free surface [20].
In our system, where pec is essentially fixed and the particles are neutrally buoyant, fric-
tionless, and non-cohesive, the transition between migration mechanisms is completely con-
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FIG. 3. Air-occupancy images collapse an ensemble of episodic migration events into a single
fingerprint. The darkness of each pixel is proportional to its average air saturation over the entire
experiment, such that persistent trajectories and trapped blobs are darker, whereas ephemeral
features are lighter. As φ0s increases from 0.46 to 0.69, fluidization (vertical streaks) transitions
to pathway opening (blurred fans with streaks and dots) then to pore invasion (particle-scale
spattering).
trolled by the amount of confining pre-stress. The qualitative distinction between these
migration mechanisms is clear from the resulting air patterns, but also from the grain-scale
mechanics: Fluidization involves 2D flow and mixing of grains, mimicking the rising of
bubbles in a liquid [25]; pathway opening involves smaller grain motions that are localized
around the advancing tip, mimicking the hydraulic fracturing of an elastic solid; pore in-
vasion involves negligible grain motion, such that the packing behaves as a rigid porous
medium (Fig. 2, bottom row).
We find that all migration mechanisms exhibit episodic invasion, trapping, and venting
events that occur on a timescale of seconds, repeating 10s or 100s of times during a given
10-minute experiment. For a qualitative, time-averaged view of migration mechanisms, we
collapse each experiment into a single “occupancy” image in which the darkness of each
pixel is proportional to its average air saturation over the entire experiment; accordingly,
persistent or recurring features are darker, whereas ephemeral features are lighter (Fig. 3).
In fluidization, air migrates in discrete bubbles that rise vertically; the associated occu-
pancy images exhibit a smooth vertical streak ending in a small darker region at the piston,
where bubbles linger before venting (Fig. 3, φ0s . 0.50). In pore invasion, pore bodies drain
and refill and pore-scale pathways disconnect and reconnect; the associated occupancy im-
ages exhibit a low-intensity, grain-scale “spattering” with fine-scale particle outlines and a
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<latexit sha1_base64="7No2 oPELzR3V5UcDyl4xJZhlBK0=">AAAB7nicjVDLSsNAFL2pr1pfU ZduhhbBhZREEN0UC25cVrAPaEqZTCft0EkmzNwUSij4Fa4UVz7+ xG/wb0xaNxUFD1y4nHMu99zrx1IYdJxPq7Cyura+UdwsbW3v7O 7Z+wctoxLNeJMpqXTHp4ZLEfEmCpS8E2tOQ1/ytj++zvX2hGsjV HSH05j3QjqMRCAYxYzq2zbW3HPv1AspjnSYmlnfrrhVZw7yd1O5 eivV7gGg0bc/vIFiScgjZJIa03WdGHsp1SiY5LOSlxgeUzamQ57 O887IcUYNSKB0VhGSObvko6Ex09DPnHku81PLyd+0boLBZS8VUZ wgj9hiUZBIgorkx5OB0JyhnGYNZVpkCQkbUU0ZZi/63+Wts6rrV N1bp1IvwwJFOIIynIALF1CHG2hAExhM4BFe4NWKrQfryXpeWAvW 98whLMF6/wJbnpBh</latexit><latexit sha1_base64="ghMk w5PmCd4/ew2yYekYdII5hC4=">AAAB7nicjVDLSsNAFL3xWeMr6 tLN0CK4kJIIoptiwY3LCvYBbSmT6aQdOkmGmZtCCf0NV4oL8fEn foL4Nyatm4qCBy5czjmXe+71lRQGXffTWlpeWV1bL2zYm1vbO7 vO3n7DxIlmvM5iGeuWTw2XIuJ1FCh5S2lOQ1/ypj+6yvXmmGsj4 ugWJ4p3QzqIRCAYxYzqOQ5WvLPOSSekONRhaqY9p+SV3RnI303p 8tWuqKcPu9Zz3jv9mCUhj5BJakzbcxV2U6pRMMmndicxXFE2ogO ezvJOyVFG9UkQ66wiJDN2wUdDYyahnznzXOanlpO/ae0Eg4tuKi KVII/YfFGQSIIxyY8nfaE5QznJGsq0yBISNqSaMsxe9L/LG6dlz y17N26pWoQ5CnAIRTgGD86hCtdQgzowGMM9PMOLpaw768F6nFuX rO+ZA1iA9fYFPTGR1Q==</latexit><latexit sha1_base64="ghMk w5PmCd4/ew2yYekYdII5hC4=">AAAB7nicjVDLSsNAFL3xWeMr6 tLN0CK4kJIIoptiwY3LCvYBbSmT6aQdOkmGmZtCCf0NV4oL8fEn foL4Nyatm4qCBy5czjmXe+71lRQGXffTWlpeWV1bL2zYm1vbO7 vO3n7DxIlmvM5iGeuWTw2XIuJ1FCh5S2lOQ1/ypj+6yvXmmGsj4 ugWJ4p3QzqIRCAYxYzqOQ5WvLPOSSekONRhaqY9p+SV3RnI303p 8tWuqKcPu9Zz3jv9mCUhj5BJakzbcxV2U6pRMMmndicxXFE2ogO ezvJOyVFG9UkQ66wiJDN2wUdDYyahnznzXOanlpO/ae0Eg4tuKi KVII/YfFGQSIIxyY8nfaE5QznJGsq0yBISNqSaMsxe9L/LG6dlz y17N26pWoQ5CnAIRTgGD86hCtdQgzowGMM9PMOLpaw768F6nFuX rO+ZA1iA9fYFPTGR1Q==</latexit><latexit sha1_base64="ABUz ekZzzT9/nhGCZr97RZDftCc=">AAAB7nicjVBNS8NAEJ3Ur1q/o h69LC2CBymJIHoRCl48VrAf0JSy2W7apZts2J0USujf8KR4Uvwn /gb/jZu2F0XBBwPDe2+YNxOmUhj0vE+ntLa+sblV3q7s7O7tH7 iHR22jMs14iympdDekhkuR8BYKlLybak7jUPJOOLkt9M6UayNU8 oCzlPdjOkpEJBhFSw1cF2/8y+A8iCmOdZyb+cCt+XVvAfJ3U4MV mgP3IxgqlsU8QSapMT3fS7GfU42CST6vBJnhKWUTOuL5Iu+cnFp qSCKlbSVIFuw3H42NmcWhdRa5zE+tIH/TehlG1/1cJGmGPGHLRV EmCSpSHE+GQnOGcmYbyrSwCQkbU00Z2hf97/L2Rd336v69V2tUV z8owwlU4Qx8uIIG3EETWsBgCk/wCm9O6jw6z87L0lpyVjPH8A3O +xcqNY60</latexit>
29 s
<latexit sha1_base64="Sklq P51LQyu4ZpYmIfbK/fxamLM=">AAAB6nicjVDLSgNBEOyNrxhfU Y9ehgTBg4TdXNSDGPDiMYJ5QDaG2clsMmT2wUyvEJaA3+BJ8aQI forf4N84u/ESUbCgoamqpqvbi6XQaNufVmFpeWV1rbhe2tjc2t 4p7+61dZQoxlsskpHqelRzKULeQoGSd2PFaeBJ3vEml5neueNKi yi8wWnM+wEdhcIXjKKhbutn7rEbUByrINWzQbnq1Owc5O+mevFe Or8HgOag/OEOI5YEPEQmqdY9x46xn1KFgkk+K7mJ5jFlEzriaZ5 1Rg4NNSR+pEyFSHJ2wUcDraeBZ5xZLv1Ty8jftF6C/mk/FWGcIA /ZfJGfSIIRyQ4nQ6E4Qzk1DWVKmISEjamiDM17/nd5u15z7Jpzb VcbFZijCAdQgSNw4AQacAVNaAEDBY/wAq+WtB6sJ+t5bi1Y3zP7 sADr7QuT6I9w</latexit><latexit sha1_base64="FDwO 8FM4hcyfbGW7aeLFKA1D1r4=">AAAB6nicjVDLSgNBEOyNr7i+o h69DAmCBwm7uagHMeDFYwSTCNkYZiezyZDZBzO9QljyE54UTz7A T/ETxL9xNvESUbCgoamqpqvbT6TQ6DifVmFhcWl5pbhqr61vbG 6VtndaOk4V400Wy1hd+1RzKSLeRIGSXyeK09CXvO2PznO9fcuVF nF0heOEd0M6iEQgGEVD3dROvEMvpDhUYaYnvVLFrTpTkL+bytmb fZq8fNiNXund68csDXmETFKtO66TYDejCgWTfGJ7qeYJZSM64Nk 064TsG6pPgliZipBM2TkfDbUeh75x5rn0Ty0nf9M6KQbH3UxESY o8YrNFQSoJxiQ/nPSF4gzl2DSUKWESEjakijI07/nf5a1a1XWq7 qVTqZdhhiLsQRkOwIUjqMMFNKAJDBTcwxM8W9K6sx6sx5m1YH3P 7MIcrNcvdXuQ5A==</latexit><latexit sha1_base64="FDwO 8FM4hcyfbGW7aeLFKA1D1r4=">AAAB6nicjVDLSgNBEOyNr7i+o h69DAmCBwm7uagHMeDFYwSTCNkYZiezyZDZBzO9QljyE54UTz7A T/ETxL9xNvESUbCgoamqpqvbT6TQ6DifVmFhcWl5pbhqr61vbG 6VtndaOk4V400Wy1hd+1RzKSLeRIGSXyeK09CXvO2PznO9fcuVF nF0heOEd0M6iEQgGEVD3dROvEMvpDhUYaYnvVLFrTpTkL+bytmb fZq8fNiNXund68csDXmETFKtO66TYDejCgWTfGJ7qeYJZSM64Nk 064TsG6pPgliZipBM2TkfDbUeh75x5rn0Ty0nf9M6KQbH3UxESY o8YrNFQSoJxiQ/nPSF4gzl2DSUKWESEjakijI07/nf5a1a1XWq7 qVTqZdhhiLsQRkOwIUjqMMFNKAJDBTcwxM8W9K6sx6sx5m1YH3P 7MIcrNcvdXuQ5A==</latexit><latexit sha1_base64="Np12 czaOSEdI6Vlb2AX8woRkqcM=">AAAB6nicjVDLSgNBEOyJrxhfU Y9ehgTBg4TdXKK3gBePEcwDsjHMTmaTITO7y0yvEJb8hCfFk+K/ +A3+jbtJLhEFCxqaqmq6uv1YSYuO80UKG5tb2zvF3dLe/sHhUf n4pGOjxHDR5pGKTM9nVigZijZKVKIXG8G0r0TXn97kevdRGCuj8 B5nsRhoNg5lIDnDjHqoX3uXnmY4MTq182G56tacBejfTRVWaA3L n94o4okWIXLFrO27ToyDlBmUXIl5yUusiBmfsrFIF1nn9DyjRjS ITFYh0gW75mPa2pn2M2eey/7UcvI3rZ9gcDVIZRgnKEK+XBQkim JE88PpSBrBUc2yhnEjs4SUT5hhHLP3/O/yTr3mOjX3zqk2K6sfF OEMKnABLjSgCbfQgjZwMPAMb/BOFHkiL+R1aS2Q1cwprIF8fANi f43D</latexit>
39 s
<latexit sha1_base64="3MU+ HQGhtfW5pAXA3fcJaukd5AU=">AAAB6nicjVBNS8NAEJ3Ur1q/q h69LC2CBymJHtSDWPDisYL9gKaWzXbTLt1kw+5EKCHgb/CkeFIE f4q/wX9j0nqpKPhgYHjvDfNmvEgKg7b9aRUWFpeWV4qrpbX1jc 2t8vZOy6hYM95kSird8ajhUoS8iQIl70Sa08CTvO2NL3O9fce1E Sq8wUnEewEdhsIXjGJG3R6fuYduQHGkg8Sk/XLVqdlTkL+b6sV7 6fweABr98oc7UCwOeIhMUmO6jh1hL6EaBZM8Lbmx4RFlYzrkyTR rSvYzakB8pbMKkUzZOR8NjJkEXubMc5mfWk7+pnVj9E97iQijGH nIZov8WBJUJD+cDITmDOUkayjTIktI2IhqyjB7z/8ubx3VHLvmX NvVegVmKMIeVOAAHDiBOlxBA5rAQMMjvMCrJa0H68l6nlkL1vfM LszBevsClW6PcQ==</latexit><latexit sha1_base64="nydf CmhmOwOl272DM7WzO7VLcok=">AAAB6nicjVDJSgNBEK1xjeMW9 eilSRA8SJjRg3oQA148RjALZGLo6fQkTXoWumuEMOQnPCmeXMBP 8RPEv7En8RJR8EFB8d4r6lX5iRQaHefTmptfWFxaLqzYq2vrG5 vFre2GjlPFeJ3FMlYtn2ouRcTrKFDyVqI4DX3Jm/7wItebt1xpE UfXOEp4J6T9SASCUTTUzdGpd+CFFAcqzPS4Wyy7FWcC8ndTPn+z z5KXD7vWLb57vZilIY+QSap123US7GRUoWCSj20v1TyhbEj7PJt kHZM9Q/VIECtTEZIJO+Ojodaj0DfOPJf+qeXkb1o7xeCkk4koSZ FHbLooSCXBmOSHk55QnKEcmYYyJUxCwgZUUYbmPf+7vHFYcZ2Ke +WUqyWYogC7UIJ9cOEYqnAJNagDAwX38ATPlrTurAfrcWqds75n dmAG1usXdwGQ5Q==</latexit><latexit sha1_base64="nydf CmhmOwOl272DM7WzO7VLcok=">AAAB6nicjVDJSgNBEK1xjeMW9 eilSRA8SJjRg3oQA148RjALZGLo6fQkTXoWumuEMOQnPCmeXMBP 8RPEv7En8RJR8EFB8d4r6lX5iRQaHefTmptfWFxaLqzYq2vrG5 vFre2GjlPFeJ3FMlYtn2ouRcTrKFDyVqI4DX3Jm/7wItebt1xpE UfXOEp4J6T9SASCUTTUzdGpd+CFFAcqzPS4Wyy7FWcC8ndTPn+z z5KXD7vWLb57vZilIY+QSap123US7GRUoWCSj20v1TyhbEj7PJt kHZM9Q/VIECtTEZIJO+Ojodaj0DfOPJf+qeXkb1o7xeCkk4koSZ FHbLooSCXBmOSHk55QnKEcmYYyJUxCwgZUUYbmPf+7vHFYcZ2Ke +WUqyWYogC7UIJ9cOEYqnAJNagDAwX38ATPlrTurAfrcWqds75n dmAG1usXdwGQ5Q==</latexit><latexit sha1_base64="+43j 4ziCklak/I1Kn/M4QwI3j7A=">AAAB6nicjVDLSgNBEOyNrxhfU Y9ehgTBg4Rdc1BvAS8eI5gHZGOYncwmQ2Z3lpleISz5CU+KJ8V/ 8Rv8G2eTXCIKFjQ0VdV0dQeJFAZd98sprK1vbG4Vt0s7u3v7B+ XDo7ZRqWa8xZRUuhtQw6WIeQsFSt5NNKdRIHknmNzkeueRayNUf I/ThPcjOopFKBhFSz3Ur/1zP6I41lFmZoNy1au5c5C/myos0RyU P/2hYmnEY2SSGtPz3AT7GdUomOSzkp8anlA2oSOezbPOyKmlhiR U2laMZM6u+GhkzDQKrDPPZX5qOfmb1ksxvOpnIk5S5DFbLApTSV CR/HAyFJozlFPbUKaFTUjYmGrK0L7nf5e3L2qeW/Pu3GqjsvxBE U6gAmfgwSU04Baa0AIGGp7hDd4d6Tw5L87rwlpwljPHsALn4xtk BY3E</latexit>
(c)
<latexit sha1_base64="KMf5 izo2tZtMm2AXCoaWbkrcvZ4=">AAAB6nicbVA9SwNBEJ2LXzF+R S1tFoMQm3CXJpYBG8uI5gOSI+xt5pIle3vH7p4QjvwEGwtFbP1F dv4bN8kVmvhg4PHeDDPzgkRwbVz32ylsbe/s7hX3SweHR8cn5d Ozjo5TxbDNYhGrXkA1Ci6xbbgR2EsU0igQ2A2mtwu/+4RK81g+m lmCfkTHkoecUWOlhyq7HpYrbs1dgmwSLycVyNEalr8Go5ilEUrD BNW677mJ8TOqDGcC56VBqjGhbErH2LdU0gi1ny1PnZMrq4xIGCt b0pCl+nsio5HWsyiwnRE1E73uLcT/vH5qwhs/4zJJDUq2WhSmgp iYLP4mI66QGTGzhDLF7a2ETaiizNh0SjYEb/3lTdKp1zy35t3XK 02Sx1GEC7iEKnjQgCbcQQvawGAMz/AKb45wXpx352PVWnDymXP4 A+fzB4DbjSg=</latexit><latexit sha1_base64="KMf5 izo2tZtMm2AXCoaWbkrcvZ4=">AAAB6nicbVA9SwNBEJ2LXzF+R S1tFoMQm3CXJpYBG8uI5gOSI+xt5pIle3vH7p4QjvwEGwtFbP1F dv4bN8kVmvhg4PHeDDPzgkRwbVz32ylsbe/s7hX3SweHR8cn5d Ozjo5TxbDNYhGrXkA1Ci6xbbgR2EsU0igQ2A2mtwu/+4RK81g+m lmCfkTHkoecUWOlhyq7HpYrbs1dgmwSLycVyNEalr8Go5ilEUrD BNW677mJ8TOqDGcC56VBqjGhbErH2LdU0gi1ny1PnZMrq4xIGCt b0pCl+nsio5HWsyiwnRE1E73uLcT/vH5qwhs/4zJJDUq2WhSmgp iYLP4mI66QGTGzhDLF7a2ETaiizNh0SjYEb/3lTdKp1zy35t3XK 02Sx1GEC7iEKnjQgCbcQQvawGAMz/AKb45wXpx352PVWnDymXP4 A+fzB4DbjSg=</latexit><latexit sha1_base64="KMf5 izo2tZtMm2AXCoaWbkrcvZ4=">AAAB6nicbVA9SwNBEJ2LXzF+R S1tFoMQm3CXJpYBG8uI5gOSI+xt5pIle3vH7p4QjvwEGwtFbP1F dv4bN8kVmvhg4PHeDDPzgkRwbVz32ylsbe/s7hX3SweHR8cn5d Ozjo5TxbDNYhGrXkA1Ci6xbbgR2EsU0igQ2A2mtwu/+4RK81g+m lmCfkTHkoecUWOlhyq7HpYrbs1dgmwSLycVyNEalr8Go5ilEUrD BNW677mJ8TOqDGcC56VBqjGhbErH2LdU0gi1ny1PnZMrq4xIGCt b0pCl+nsio5HWsyiwnRE1E73uLcT/vH5qwhs/4zJJDUq2WhSmgp iYLP4mI66QGTGzhDLF7a2ETaiizNh0SjYEb/3lTdKp1zy35t3XK 02Sx1GEC7iEKnjQgCbcQQvawGAMz/AKb45wXpx352PVWnDymXP4 A+fzB4DbjSg=</latexit><latexit sha1_base64="KMf5 izo2tZtMm2AXCoaWbkrcvZ4=">AAAB6nicbVA9SwNBEJ2LXzF+R S1tFoMQm3CXJpYBG8uI5gOSI+xt5pIle3vH7p4QjvwEGwtFbP1F dv4bN8kVmvhg4PHeDDPzgkRwbVz32ylsbe/s7hX3SweHR8cn5d Ozjo5TxbDNYhGrXkA1Ci6xbbgR2EsU0igQ2A2mtwu/+4RK81g+m lmCfkTHkoecUWOlhyq7HpYrbs1dgmwSLycVyNEalr8Go5ilEUrD BNW677mJ8TOqDGcC56VBqjGhbErH2LdU0gi1ny1PnZMrq4xIGCt b0pCl+nsio5HWsyiwnRE1E73uLcT/vH5qwhs/4zJJDUq2WhSmgp iYLP4mI66QGTGzhDLF7a2ETaiizNh0SjYEb/3lTdKp1zy35t3XK 02Sx1GEC7iEKnjQgCbcQQvawGAMz/AKb45wXpx352PVWnDymXP4 A+fzB4DbjSg=</latexit>
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49
<latexit sha1_base64="pYXbZbceUvkfTZSmmNL i3KvXcQQ=">AAAB4HicbVC7SgNBFL0bXzG+opY2g0GwWmZFiFYGbCwjmAckIcxOZpMhs7PLzF0hhvRWi pVi7b/4DZb+ibtJmiQeuHA451zmnvFjJS1S+uPk1tY3Nrfy24Wd3b39g+LhUd1GieGixiMVmabPrFBSi xpKVKIZG8FCX4mGP7zN/MajMFZG+gFHseiErK9lIDnDTKLu5XW3WKIunYKsEm9OSjdfT78VAKh2i9/tXs STUGjkilnb8miMnTEzKLkSk0I7sSJmfMj6Yjy9cELOUqlHgsiko5FM1YUcC60dhX6aDBkO7LKXif95rQ SDq85Y6jhBofnsoSBRBCOS1SU9aQRHNUoJ40amFxI+YIZxTD8lbe4t91wl9QvXo653T0sVAjPk4QRO4R w8KEMF7qAKNeAwgBd4hw/Hd56dV+dtFs05851jWIDz+Qd97Itg</latexit><latexit sha1_base64="gG6cygxpRugtyn97OUL JZQ3/a2k=">AAAB4HicbVC7SgNBFL0bXzG+4qOzGQyC1TIrgloZsNAygnlAEsLsZDYZMvtg5q4Ql/RWi pVibe1v+A2W/om7SZokHrhwOOdc5p5xIyUNUvpj5ZaWV1bX8uuFjc2t7Z3i7l7NhLHmospDFeqGy4xQM hBVlKhEI9KC+a4SdXdwnfn1B6GNDIN7HEai7bNeID3JGWYStc8uO8UStekYZJE4U1K6+nz8vfk6SCqd4n erG/LYFwFyxYxpOjTCdsI0Sq7EqNCKjYgYH7CeSMYXjshxKnWJF+p0AiRjdSbHfGOGvpsmfYZ9M+9l4n 9eM0bvop3IIIpRBHzykBcrgiHJ6pKu1IKjGqaEcS3TCwnvM804pp+SNnfmey6S2qntUNu5o6UygQnycA hHcAIOnEMZbqECVeDQh2d4g3fLtZ6sF+t1Es1Z0519mIH18QchN4yk</latexit><latexit sha1_base64="gG6cygxpRugtyn97OUL JZQ3/a2k=">AAAB4HicbVC7SgNBFL0bXzG+4qOzGQyC1TIrgloZsNAygnlAEsLsZDYZMvtg5q4Ql/RWi pVibe1v+A2W/om7SZokHrhwOOdc5p5xIyUNUvpj5ZaWV1bX8uuFjc2t7Z3i7l7NhLHmospDFeqGy4xQM hBVlKhEI9KC+a4SdXdwnfn1B6GNDIN7HEai7bNeID3JGWYStc8uO8UStekYZJE4U1K6+nz8vfk6SCqd4n erG/LYFwFyxYxpOjTCdsI0Sq7EqNCKjYgYH7CeSMYXjshxKnWJF+p0AiRjdSbHfGOGvpsmfYZ9M+9l4n 9eM0bvop3IIIpRBHzykBcrgiHJ6pKu1IKjGqaEcS3TCwnvM804pp+SNnfmey6S2qntUNu5o6UygQnycA hHcAIOnEMZbqECVeDQh2d4g3fLtZ6sF+t1Es1Z0519mIH18QchN4yk</latexit><latexit sha1_base64="a9/Y5I6LAzZ5GOfBARa WuK1d72k=">AAAB4HicbVDLSgMxFL1TX7W+qi7dBIvgasiIoO4KblxWsA9oS8mkmTY0MxmSO0Ip3btSX Cn+kN/g35hpZ9PqgcDhnBPuPTdMlbRI6Y9X2tjc2t4p71b29g8Oj6rHJy2rM8NFk2ulTSdkViiZiCZKV KKTGsHiUIl2OLnP/fazMFbq5AmnqejHbJTISHKGuUT967tBtUZ9ugD5S4KC1KBAY1D97g01z2KRIFfM2m 5AU+zPmEHJlZhXepkVKeMTNhKzxYZzcuGkIYm0cS9BslBXciy2dhqHLhkzHNt1Lxf/87oZRrf9mUzSDE XCl4OiTBHUJK9LhtIIjmrqCONGug0JHzPDOLqjuObBes+/pHXlB9QPHmmtTooblOEMzuESAriBOjxAA5 rAYQyv8AGfXui9eG/e+zJa8oo/p7AC7+sXOxyI4g==</latexit>
0.
69
<latexit sha1_base64="6 hw6CZm8QtVjg6ELloX9xjj0ego=">AAAB4HicbVC7SgNB FL0bXzG+opY2g0GwWmYtjFYGbCwjmAckIcxOZpMhs7PLzF 0hhvRWipVi7b/4DZb+ibtJmiQeuHA451zmnvFjJS1S+uP k1tY3Nrfy24Wd3b39g+LhUd1GieGixiMVmabPrFBSixpK VKIZG8FCX4mGP7zN/MajMFZG+gFHseiErK9lIDnDTKLu5 XW3WKIunYKsEm9OSjdfT78VAKh2i9/tXsSTUGjkilnb8mi MnTEzKLkSk0I7sSJmfMj6Yjy9cELOUqlHgsiko5FM1YUc C60dhX6aDBkO7LKXif95rQSDq85Y6jhBofnsoSBRBCOS1 SU9aQRHNUoJ40amFxI+YIZxTD8lbe4t91wl9QvXo653T0 sVAjPk4QRO4Rw8KEMF7qAKNeAwgBd4hw/Hd56dV+dtFs05 851jWIDz+QeA4Iti</latexit><latexit sha1_base64="j AIKEtUpzF877spJtTkmy3teQS4=">AAAB4HicbVC7SgNB FL0bXzG+4qOzGQyC1TJr4aMyYKFlBPOAJITZyWwyZPbBzF 0hLumtFCvF2trf8Bss/RN3kzRJPHDhcM65zD3jRkoapPT Hyi0tr6yu5dcLG5tb2zvF3b2aCWPNRZWHKtQNlxmhZCCq KFGJRqQF810l6u7gOvPrD0IbGQb3OIxE22e9QHqSM8wka p9ddoolatMxyCJxpqR09fn4e/N1kFQ6xe9WN+SxLwLkihn TdGiE7YRplFyJUaEVGxExPmA9kYwvHJHjVOoSL9TpBEjG 6kyO+cYMfTdN+gz7Zt7LxP+8ZozeRTuRQRSjCPjkIS9WB EOS1SVdqQVHNUwJ41qmFxLeZ5pxTD8lbe7M91wktVPbob ZzR0tlAhPk4RCO4AQcOIcy3EIFqsChD8/wBu+Waz1ZL9br JJqzpjv7MAPr4w8kK4ym</latexit><latexit sha1_base64="j AIKEtUpzF877spJtTkmy3teQS4=">AAAB4HicbVC7SgNB FL0bXzG+4qOzGQyC1TJr4aMyYKFlBPOAJITZyWwyZPbBzF 0hLumtFCvF2trf8Bss/RN3kzRJPHDhcM65zD3jRkoapPT Hyi0tr6yu5dcLG5tb2zvF3b2aCWPNRZWHKtQNlxmhZCCq KFGJRqQF810l6u7gOvPrD0IbGQb3OIxE22e9QHqSM8wka p9ddoolatMxyCJxpqR09fn4e/N1kFQ6xe9WN+SxLwLkihn TdGiE7YRplFyJUaEVGxExPmA9kYwvHJHjVOoSL9TpBEjG 6kyO+cYMfTdN+gz7Zt7LxP+8ZozeRTuRQRSjCPjkIS9WB EOS1SVdqQVHNUwJ41qmFxLeZ5pxTD8lbe7M91wktVPbob ZzR0tlAhPk4RCO4AQcOIcy3EIFqsChD8/wBu+Waz1ZL9br JJqzpjv7MAPr4w8kK4ym</latexit><latexit sha1_base64="5 NJLEYGRs4rfjRl681Sfm0KDn+s=">AAAB4HicbVDLSgMx FL1TX7W+qi7dBIvgasi48LEruHFZwT6gLSWTZtrQzGRI7g ildO9KcaX4Q36Df2OmnU2rBwKHc06499wwVdIipT9eaWN za3unvFvZ2z84PKoen7SszgwXTa6VNp2QWaFkIpooUYlO agSLQyXa4eQ+99vPwlipkyecpqIfs1EiI8kZ5hL1r+8G1 Rr16QLkLwkKUoMCjUH1uzfUPItFglwxa7sBTbE/YwYlV2J e6WVWpIxP2EjMFhvOyYWThiTSxr0EyUJdybHY2mkcumTM cGzXvVz8z+tmGN32ZzJJMxQJXw6KMkVQk7wuGUojOKqpI 4wb6TYkfMwM4+iO4poH6z3/ktaVH1A/eKS1OiluUIYzOI dLCOAG6vAADWgChzG8wgd8eqH34r1578toySv+nMIKvK9f PhCI5A==</latexit> 0.
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FIG. 4. (a) We show the total volume of air in the cell Vair as a function of time t for φ
0
s = 0.49
(red), 0.59 (green), and 0.69 (blue). Vair is oscillatory in all cases, but the mean value and the
amplitude and period of oscillation are distinctly larger in the fracturing regime (φ0s = 0.59) than
in either of the two end-member regimes. (b) We show the injection pressure pinj for the same
three experiments. (c) The time-averaged air volume 〈Vair〉 (solid line) exhibits a non-monotonic
dependence on φ0s. In particular, 〈Vair〉 increases sharply at φ0s = 0.52. 〈Vair〉 can be divided into
two contributions: The amount of air trapped inside the pore space 〈Vpore〉 (dotted line) and the
amount of air in open bubbles and pathways 〈Vopen〉 (dashed line), where 〈Vair〉 = 〈Vpore〉+ 〈Vopen〉.
(d) We include a time sequence of images for air injection at φ0s = 0.52.
macroscopic V-shape (Fig. 3, φ0s & 0.65). In pathway opening, air migrates through slen-
der pathways that open and close. Pathway opening spans a broad range of intermediate
solid fractions between fluidization and pore invasion (i.e., φ0s = 0.51–0.64). Unlike the two
end-member cases, these intermediate cases typically exhibit mixed migration mechanisms
— that is, the migration mechanism changes with depth in the flow cell.
The mixed cases occur because injected air pushes all particles upward toward the piston,
leading to a higher solid fraction at the top of the cell than at the bottom. This spatial
gradient in φs triggers a gradual transition from fluidization to pathway opening within
the cell as φ0s increases. For example, the occupancy image for φ
0
s = 0.52 illustrates the
co-existence of fluidization and pathway opening within a given experiment, with a dark
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vertical streak near the bottom (signature of fluidization) that fans out and becomes irregular
toward the top (signature of pathway opening). The faint spots and streaks in this fanned
region represent ephemeral blobs and pathways, suggesting that individual trajectories close
after venting and are not consistently re-used, and that this closure leads to the occasional
isolation and trapping of macroscopic air blobs. As φ0s increases further (i.e., 0.55–0.59),
signs of pore invasion appears near the top of the cell as the fluidized region at the bottom
shrinks and eventually disappears.
In order to connect migration patterns more quantitatively to invasion, trapping, and
venting, we measure the total volume of air inside the cell as a function of time, Vair(t).
We plot Vair(t) in Fig. 4(a) and the injection pressure pinj(t) in Fig. 4(b), both for the three
representative experiments shown in Fig. 2. In all cases, Vair and pinj reach a quasi-steady
state in which they fluctuate with some characteristic amplitude and frequency around a
mean value.
Fluctuations in Vair are due in part to the episodic nature of air invasion into the flow
cell, which is itself related to the buildup and release of pressure during injection at constant
nominal Q: pinj increases until it reaches a critical entry pressure, after which invasion begins
and continues for some period of time while the pressure drops [13]. The amount of con-
finement has a strong impact on the amplitude and frequency of these pressure fluctuations,
but relatively little impact on the time-averaged injection pressure 〈pinj〉 (Fig. 4(b)).
Similarly, confinement has a strong impact on the amplitude and frequency of fluctuations
in Vair. Distinct from pinj, however, confinement also has a strong and non-monotonic impact
on the time-averaged air volume 〈Vair〉 (Fig. 4(a)). We explore by plotting 〈Vair〉 as a function
of φ0s in Fig. 4(c). We also decompose 〈Vair〉 into the separate contributions from air in
bubbles or pathways (openings in the packing), 〈Vopen〉, and from air in the pore space,
〈Vpore〉. Note that 〈Vair〉 = 〈Vopen〉+ 〈Vpore〉.
〈Vair〉 increases sharply at around φ0s = 0.52, which correlates to the initial transition
from fluidization to the mixed fluidization/pathway-opening regime. Following this sharp
increase, 〈Vair〉 gradually decreases with φ0s during the transition from the mixed regime to
pore invasion. The initial jump in 〈Vair〉 is due entirely to a sharp increase in 〈Vopen〉, which
then decreases smoothly toward zero as the growing confinement suppresses the opening of
bubbles and pathways. Meanwhile, 〈Vpore〉 increases gently from the sharp jump in 〈Vair〉
onward as pore invasion gradually emerges and eventually dominates for φ0s & 0.65.
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The self-generated gradient in φs within the cell is the key to enhanced gas trapping.
We illustrate this physical mechanism in Fig. 4(d) with a sequence of snapshots from an
experiment at the transition from low to high air capture (φ0s = 0.52). Initially (t = 15 s),
the air invades in discrete bubbles that rise through fluidization. However, as φ0s is just
above φ?s ≈ 0.51, the rising air is sufficient to jam and rigidify the top portion of the packing
while the bottom portion remains fluidized. This leads to the immobilization of a large air
bubble below the jammed portion of the packing (t = 29 s). The continued injection of air
then has two consequences: First, the size of this hanging bubble increases as air bubbles
continue to invade and rise freely through the lower portion of the packing, which remains
fluidized. Second, as σ′ increases with 〈Vair〉 and φs, pc within the hanging bubble must also
increase. Eventually, air from the hanging bubble will either open a pathway through the
jammed portion of the packing (pc > σ
′) or invade the pore space (pc > pec), allowing the
hanging bubble to vent (t = 39 s).
A very wide range of initial solid fractions can be accessed in a packing of soft particles
by varying the confining pre-stress. In quasi-2D, this enables high-resolution visualization of
the full range of migration mechanisms. Similar experiments with rigid, frictional particles
would most likely exhibit a much narrower transition from fluidization to pore invasion since
they would allow for limited and very short-range rearrangements once jammed. Hence,
quasi-2D packings of hydrogels are an ideal model system for connecting particle-scale flow
and mechanics with macroscopic patterns and overall air invasion, trapping, and venting.
We have also demonstrated that the co-existence of migration mechanisms within the cell
can enable anomalously high gas capture and large venting events. Our results suggest that
the relationship between invasion, trapping, and venting could be controlled, for example in
fluidized-bed reactors, by modulating the confining stress.
The authors acknowledge support from the John Fell OUP Research Fund (132/012), the
Maurice Lubbock Memorial Fund, and the Royal Society International Exchanges Scheme
(IE150885). RL acknowledges support from the Erasmus+ Program.
[1] B. P. Boudreau, C. Algar, B. D. Johnson, I. Croudace, A. Reed, Y. Furukawa, K. M. Dorgan,
P. A. Jumars, A. S. Grader, and B. S. Gardiner, Geology 33, 517 (2005).
9
[2] A. K. Jain and R. Juanes, J. Geophys. Res.-Sol. E.A. 114 (2009).
[3] B. P. Scandella, C. Varadharajan, H. F. Hemond, C. Ruppel, and R. Juanes, Geophys. Res.
Lett. 38, L06408 (2011).
[4] J. Suckale, B. H. Hager, L. T. Elkins-Tanton, and J.-C. Nave, J. Geophys. Res. 115 (2010).
[5] J. Oppenheimer, A. C. Rust, K. V. Cashman, and B. Sandnes, Frontiers in Physics 3, 60
(2015).
[6] A. Parmigiani, S. Faroughi, C. Huber, O. Bachmann, and Y. Su, Nature 532, 492 (2016).
[7] A. Skarke, C. Ruppel, M. Kodis, D. Brothers, and E. Lobecker, Nature Geoscience 7, 657
(2014).
[8] R. Holtzman and R. Juanes, Phys. Rev. E 82, 046305 (2010).
[9] K. Andreassen, A. Hubbard, M. Winsborrow, H. Patton, S. Vadakkepuliyambatta, A. Plaza-
Faverola, E. Gudlaugsson, P. Serov, A. Deryabin, R. Mattingsdal, et al., Science 356, 948
(2017).
[10] C. Chevalier, A. Lindner, and E. Clement, Phys. Rev. Lett. 99, 174501 (2007).
[11] C. Chevalier, A. Lindner, M. Leroux, and E. Clement, J. Non-Newton. Fluid 158, 63 (2009).
[12] B. Sandnes, H. A. Knudsen, K. J. Ma˚løy, and E. G. Flekkøy, Phys. Rev. Lett. 99, 038001
(2007).
[13] B. Sandnes, E. G. Flekkoy, H. A. Knudsen, K. J. Maloy, and H. See, Nat. Commun. 2, 288
(2011).
[14] R. Holtzman, M. L. Szulczewski, and R. Juanes, Phys. Rev. Lett. 108, 264504 (2012).
[15] J. A. Eriksen, B. Marks, B. Sandnes, and R. Toussaint, Phys. Rev. E 91, 052204 (2015).
[16] G. Varas, V. Vidal, and J.-C. Ge´minard, Phys. Rev. E 79, 021301 (2009).
[17] G. Varas, V. Vidal, and J.-C. Ge´minard, Phys. Rev. E 83, 011302 (2011).
[18] G. Varas, V. Vidal, and J.-C. Ge´minard, Phys. Rev. E 83, 061302 (2011).
[19] G. Varas, J.-C. Ge´minard, and V. Vidal, Granul. Matter 15, 801 (2013).
[20] G. Varas, G. Ramos, J.-C. Ge´minard, and V. Vidal, Front. Phys. 3, 44 (2015).
[21] M.-J. Dalbe, P.-P. Cortet, M. Ciccotti, L. Vanel, and S. Santucci, Physical Review Letters
115, 128301 (2015).
[22] C.-Y. Lai, Z. Zheng, E. Dressaire, G. Z. Ramon, H. E. Huppert, and H. A. Stone, Phys. Rev.
Lett. 117, 268001 (2016).
[23] C. W. MacMinn, E. R. Dufresne, and J. S. Wettlaufer, Phys. Rev. X 5, 011020 (2015).
10
[24] R. Jewel, A. Panaitescu, and A. Kudrolli, available at https://arxiv.org/abs/1807.07833.
[25] T. Maxworthy, J. Fluid Mech. 173, 95 (1986).
11
